Introduction
In the last few years, many energy storage and conversion systems have been successfully developed, including rechargeable metal-air batteries, full cells and water splitting devices [1, 2] . The oxygen evolution reaction (OER) is a core process in these systems [3, 4] . A large overpotential is usually required for the water splitting reaction because of the thermodynamic uphill reaction of the OER. Therefore, this has stimulated a considerable interest in designing efficient OER electrocatalysts with lower overpotentials to decrease the energy consumption [5] . It is well known that the noble metal-based materials such as RuO 2 and IrO2 show an excellent OER performance , but their practical large-scale application has been hindered by their high cost and limited supply [6] . Thus, it has become necessary to urgently develop efficient OER electrocatalysts with low cost, common elements and a low overpotential to replace the noble metalbased materials. Nanostructured Co 3 O 4 is a promising OER electrocatalyst that is cheap and abundant. When designing highly efficient electrocatalysts for the OER, the following key factors should be paid attention to: the electronic properties of the electrocatalysts, the number of active sites, the interaction with catalyst support, and the affinity with electrolytes. As a semiconductor, Co 3 O 4 shows poor conductivity which can be tuned through band-gap engineering. To increase the number of active sites on Co 3 O 4 , downsizing the electrocatalyst is a general approach. Meanwhile, as the OER process only occurs on the surface of Co 3 O 4 , the surface properties of Co 3 O 4 are critical. Co 2+ and Co 3+ exist in Co 3 O 4 . Tuning the relative ratios of the two cations may lead to varying electrocatalytic properties. In the literature, in order to improve the OER performance of pure Co 3 O 4 , a variety of strategies have been adopted such as hybridizing, nanostructuring, and doping. For example, Co 3 O 4 nanocrystals grown on reduced graphene oxide [7] and carbon nanotubes [8] have been demonstrated with improved OER performance due to the enhanced conductivity and the modified electronic properties introduced by the carbon support. The oxygen vacancies in Co 3 O 4 also play a critical role in enhancing the OER performance [9, 10] . Additionally, doping Zn [11] , Ni [12] and Pt [13] can improve the OER performance of Co 3 O 4 due to the modified electronic properties of Co 3 O 4 . However, few studies have focused on the non-metal atom (anion)-doped Co 3 O 4 as an OER electrocatalyst [14] [15] [16] .
The introduction of an N atom into Co 3 O 4 will lead to the change of electronic properties of the metal hosts by charge transfer processes and/or concomitant structural modification [17] . Some research revealed that the active site of the OER in cobalt oxides is cobalt oxyhydroxide , resulting in enhanced OER performance [9, 10, 18] . Herein, for the first time, we designed a highly efficient porous Co 3 O 4 -based OER electrocatalyst with simultaneous N doping and etching by N 2 plasma treatment, as illustrated in figure 1. With the treatment for only 60 s at 300 W, N-doped and etched Co 3 O 4 nanosheets with a large surface area and oxygen vacancies were obtained (the product is denoted as N-Co 3 O 4 ), which shows a low potential of 1.54 V to reach a current density of 10 mA cm −2 and a small Tafel slope of 59 mV dec −1 .
Method

Preparation of materials
The electrodeposition experiment was carried out at room temperature in a three electrode cell at the potential of −1.0 V (versus asaturated calomel electrode (SCE)) using 
Physical characterizations
The morphology and microstructure of the Co 3 O 4 nanosheets treated by N 2 plasma were investigated by scanning electron microscopy (SEM, Hitachi, S-4800) and transmission electron microscopy (TEM, FEI, F20 S-TWIX). The crystal structures of the Co 3 O 4 and N-Co 3 O 4 nanosheets were obtained using x-ray diffraction (XRD, Rigaku D/MAX 2500 diffractometer, Cu Kα radiation) and Raman spectra (Labram-010). The nitrogen adsorption-desorption isotherms (Brunauer-Emmett-Teller (BET)) were measured on a Micromeritics ASAP 2020 V3.02 H. The surface properties of electrocatalysts were examined by x-ray photoelectron spectroscopy (XPS) analysis (Kratos Analytical Ltd AXIS ULTRA).
Electrochemical test
All the electrochemical measurements including cyclic voltammograms (CVs) and linear-sweep voltammetry (LSV) were performed using an electrochemical workstation (CHI 760 E, CH Instrument) with a three electrode system at room temperature including a carbon rod, SCE, the obtained samples and 0.1 M KOH as the counter electrode, reference electrode, working electrode and electrolyte respectively. The electrochemical impedance spectroscopy (EIS) tests of Co 3 O 4 and N-Co 3 O 4 nanosheets were carried out with a potential of 0.5 V (versus a SCE) using an Autolab workstation (Autolab PGSTAT302N, Metrohm-Autolab BV, Netherlands). When the current was zero, the average value (0.99 V) of the two potentials was taken to be the thermodynamic potential for the hydrogen electrode reactions. So, it could be deduced with the equation: E (RHE)=E (SCE)+0.99 V, where RHE is the reversible hydrogen electrode [19] . All data were presented with IR correction.
Results and discussion
The morphologies of Co 3 O 4 before and after N 2 plasma treatment were studied by SEM and TEM. SEM images of pristine Co 3 O 4 nanosheets are presented in figure 2(a), in which the compact, continuous and smooth surface was observed. As for the N-Co 3 O 4 nanosheets, the surface became loose, rough, discontinuous and porous, as shown in figure 2(b) . We also treated Co 3 O 4 nanosheet with N 2 plasma for different times, specifically 60 s, 120 s, 180 s and 240 s, and at the different power, specifically 100 W, 200 W and 300 W as control experiments (online supplementary figures S1-S3, available at stacks.iop.org/NANO/28/165402/ mmedia). It was confirmed that the degree of treatment increased to a higher extent with the increase of time and power. TEM images were produced for both pristine Co 3 O 4 and N-Co 3 O 4 nanosheets, as shown in figures 2(c) and (d), in order to further investigate the structural change. It can be seen that the pristine Co 3 O 4 nanosheets are continuous and compact and the nanosheets became discontinuous after N 2 plasma treatment for 60 s at 300 W (N-Co 3 O 4 nanosheets), resulting in a larger surface area.
To visualize the microstructure of N-Co 3 O 4 nanosheets, the high resolution TEM (HRTEM) images and elemental mappings were collected, as shown in figures 3(a) and (b). In order to observe the crystalline change before and after the N 2 plasma treatment, the XRD patterns were recorded. As shown in figure 4(a) ) is higher than that of pristine Co 3 O 4 nanosheets (65.94 m 2 g −1 ) in figure 4(b) , resulting in more exposed sites for the electrocatalysis which is good for the performance of the OER.
As the electrocatalysis reaction occurs on the surface of the electrocatalysts, it is of essential importance to investigate the surface properties of Co 3 O 4 nanosheets before and after the N 2 plasma treatment. XPS is a sensitive tool to study the surface properties of electrocatalysts [23, 24] . figure 5(c) . The N 1s high resolution peak at 399.4 eV can be attributed to the Co-N x structure [25] [26] [27] . The qualitative analysis of XPS results tells us that the N content is 2.51 at%. The fine- [28] [29] [30] . More importantly, it can be observed that there is a peak at around 781.86 eV, attributable to Co-N x , which is consistent with the corresponding peak detected in the N 1 s spectrum [25] [26] [27] . As shown in figure 5(d) To evaluate the OER performance, LSV was tested at a scan rate of 5 mV s −1 in 0.1 M KOH on different electrocatalysts: pristine Co 3 O 4 nansheets and N-doped Co 3 O 4 nanosheets, as shown in figure 6(a) . It was observed that the onset potential of N-doped Co 3 O 4 nanosheets was lower than for pristine Co 3 O 4 nansheets. In addition, to reach the current density of 10 mA cm −2 , the pristine Co 3 O 4 nansheets require a potential of 1.79 V. In contrast, the N-doped Co 3 O 4 nanosheets only need a potential of 1.54 V. Figure 6(b) shows the LSV curves after normalizing the current in figure 6(a) though the BET surface area. After the BET normalization, the specific activity of N-Co 3 O 4 nanosheets is higher than that of pristine Co 3 O 4 nanosheets, indicating the better catalytic activity of the surface of the N-Co 3 O 4 nanosheets caused by the N doping and oxygen vacancies. From the LSV curves of pristine Co 3 O 4 nansheets and the N-doped Co 3 O 4 nanosheets, it could be summarized that the efficient doping of N atoms and etching can significantly enhance the performance of the OER. The Tafel slope is usually used to study the catalytic mechanism of the electrocatalysts for the OER [31] . In figure 6(c) , the Tafel slope of the N-doped Co 3 O 4 nanosheets was calculated to be 59 mV dec In addition, the EIS of pristine Co 3 O 4 nansheets and the N-doped Co 3 O 4 nanosheets tested at the potential of 1.5 V is shown in figure 6(d) . The charge transfer resistance (R ct ) is closely related to the properties of oxygen evolution. As is Finally, as shown in figure 6 (e), the durability of the N-doped Co 3 O 4 nanosheets in alkaline media was tested by taking CVs for 2000 cycles at the scan rate of 50 mV s −1 in 0.1 M KOH. The CV method was used for the durability of N-doped Co 3 O 4 nanosheets and the calculation of the electrochemical surface area (ECSA). The durability results showed that there was a very little decay of the OER activity based on the polarization curves before and after 2000 cycles. The ECSA was calculated by testing the CVs. In online supplementary figure S10, the double layer capacitance of the N-doped Co 3 O 4 nanosheets is larger than for pristine Co 3 O 4 nansheets, indicating that the N-doped Co 3 O 4 nanosheets have more active sites than the pristine Co 3 O 4 nanosheets, which confirms that N 2 plasma is a useful method to improve the OER performance of Co 3 O 4 nanosheets.
Conclusions
In summary, for the first time, we have realized the N doping and etching of Co 3 O 4 nanosheets and produced oxygen vacancies in the resultant porous Co 3 O 4 nanosheets by N 2 plasma treatment. The electrocatalytic performance of Co 3 O 4 for the OER is mainly affected by its N doping and formation of oxygen vacancies, both of which could be simultaneously realized by the N 2 plasma treatment. The as-obtained N-doped nanoporous Co 3 O 4 nanosheets with oxygen vacancies show advanced electrocatalytic performance for the OER, which is comparable to commercial RuO 2 electrocatalysts. The N 2 plasma-etching method is efficient, safe, and green. Therefore, the strategy of N 2 plasma etching could provide us a new strategy to design efficient and advanced non-noble metal oxide OER electrocatalysts through modifying the electronic properties by heteroatom doping and the production of oxygen vacancies. In future, other heteroatoms such as S, P, Se etc may be chosen as the dopants to improve the electrocatalytic performance of metal oxide as electrocatalysts. .
